Abstract. Our recent analysis of PG 1159 stars, mainly based on the HST spectroscopy, is presented. The results allow several conclusions regarding the boundary of the GWVir instability strip and the driving mechanism for these pulsations.
INTRODUCTION
In the recent years the spectroscopic properties of PG 1159 stars have been studied intensively in order to provide constraints for their evolutionary status as well as for their pulsation properties. In this article we want to summarize our results emphasizing the latter topic.
After its detection in the Palomar Green Catalog (Green et al. 1986 ) the star PG 1159-035 = GWVir became the prototype of a new class of hot, hydrogen deficient, pulsating white dwarfs. Today we now 27 PG1159 stars, eight of them are pulsating. In the following we want to use the term "PG1159 star" if we refer to the spectroscopic properties and "GWVir star" in the context of the pulsation properties. The non-radial g-mode pulsations in GWVir were detected by McGraw et al. (1979) who suspected this star to be a new type of an interacting binary. A first estimate of the spectroscopic properties was provided by Wesemael et al. (1985) who showed that these stars have effective temperatures over 100 000 K and are helium, carbon and oxygen rich. Hydrogen could not be detected spectroscopically. These results agreed quite well with the idea of Starrfield et al. (1984) that the pulsations are driven by cyclic ionization of carbon and oxygen in a layer closely below the stellar atmosphere.
However, the situation was still very unsatisfactory due to several reasons. Available model atmospheres enabled only a rough estimate of the effective temperature, gravity, and chemical composition and were therefore not sufficient to determine the stellar parameters with a precision required to confront the observationally determined boundary of the GWVir instability strip with the theoretical one. This is however required to conclusively identify the driving mechanism. A clear hint that the driving mechanism was not yet understood came from the fact that not all stars belonging spectroscopically to the PG1159 class are also GWVir stars. Since two spectroscopic twin pairs were detected (PG 1159-035/PG 1520+525 and PG 1707+427/PG 1424+535), each one of them is pulsating and the other one is stable, no obvious stellar parameter could be found to distinguish between the stable and variable PG 1159 stars. The situation is quite different now since the atmospheric models as well as the observations have improved significantly. With the development of an efficient solution technique detailed non-LTE model atmospheres can now be calculated (Werner 1986, Dreizler &; . We also obtained high quality optical, UV and FUV/EUV spectra from many of the PG 1159 stars. Together this provides a powerful tool for precise spectroscopic parameter determinations. Additionally, some of the GWVir stars have been WET targets and the asteroseismologic analysis provides independent parameter determinations partly overlapping, partly complementary to the spectroscopic ones.
SPECTROSCOPIC PROPERTIES
First analyses of PG 1159 stars with detailed model atmospheres were presented by Werner, Heber & Hunger (1991, hereafter WHH) . Dreizler et al. (1994 Dreizler et al. ( , 1995 extended the analyses of PG1159 stars towards lower effective temperatures. The results are reviewed by Dreizler et al. (1995) and Werner et al. (1997) whose analyses reveal that these stars are helium, carbon, and oxygen rich post-AGB stars populating the HR diagram at the hottest phase of post-AGB evolution (65 000 K < Teff< 180 000 K) just at the top of the white dwarf cooling sequence. This is corroborated by the fact that around half of the PG 1159 stars an old planetary nebula is detected. Typically, these stars have a surface composition of 33% He, 50% C and 17% 0 by mass (WHH). These rather exotic abundances are explained by an extraordinarily strong mass loss, probably caused by a late He shell flash (Iben et al. 1983 ) laying bare the former intershell matter of the double shell burning, thermally pulsing AGB star. Based on optical spectra of medium resolution they found that it is impossible to distinguish spectroscopically between the two twins PG 1159-035/PG 1520+525 and PG 1707+427/PG 1424+535.
The analyses therefore showed that the optical spectra alone are not sufficient to derive precise enough parameters to provide tight constraints for the pulsation theory. This is due to the fact that the effective temperature is not very well constrained by the optical spectrum. The PG 1159 stars are far too hot for temperature determination from the continuum slope in the optical. There are also no two ionization stages of one element present which could be exploited. Additionally, the oxygen abundance is inaccessible for the 'cooler' PG 1159 stars (Teff< 100 000 K) since no oxygen lines of the appropriate ionization stage (O V) are within the spectral range. Both problems can be overcome with UV spectroscopy since we can evaluate several ionization equilibria (CIII/CIV, OIV/OV and O V/OVI). The numerous oxygen lines can also be used to determine the oxygen abundance for all PG1159 stars. We therefore obtained HST FOS and GHRS spectra of nine PG 1159 stars. Details of the analyses are presented elsewhere (Dreizler et al., in preparation) , and we therefore summarize in the following the relevant points only. These analyses are based on a new generation of non-LTE model atmospheres for PG 1159 stars including much more detailed model atoms than the first generation models used previously. This became necessary in order to make full use of the HST spectra.
Effective temperature and gravity
A precise determination of the effective temperature is required in order to provide constraints on the boundary of the GW Vir instability strip in the HR diagram. Theories of the driving mechanism must be able to match these boundaries. The analysis of the Cycle 1 FOS spectrum of PG 1159-035 (Werner & Heber 1993) demonstrated that a determination of Tefr within a few percent is possible. The following observations were performed in Cycle 5 using the GHRS spectrograph. For all observed stars we could evaluate at least one ionization equilibrium (CIII/CIV, 0IV/O V or 0 V/O VI) for a precise temperature determination. The results are listed in Table 1 . Due to the reduced error limits we are now able to find differences in T e fr between the spectroscopic twin pairs PG 1159-035/PG 1520+525 and PG 1707+427/PG 1424+535. While PG 1159-035 is reproduced perfectly with the parameters determined from optical spectra by WHH, PG 1520+525 is shifted to its upper error limit. This is also corroborated by the analysis of the EUVE spectrum of this star (Werner et al. 1996a ). PG 1707+427 is now cooler while PG 1424+535 is hotter than previously determined by WHH. These and other changes in T e ff (i.e. PG 2131+066) are partly due a better access to the temperature and partly also due to the improved model atmospheres. Our error limit is now 5% for all the stars, this excludes, however, possible systematic errors due to model deficiencies.
The second parameter for a placement of the stars in the HR diagram, the surface gravity, is also difficult to determine from the HST spectra. The main problem are the uncertainties in the broadening theory of the spectral lines. Since the atomic physics involved is very complicated (transition regime between linear and quadratic Stark broadening) and the chemical composition in the atmosphere is rather exotic (highly charged perturbers) the available broadening tables are not very reliable. We can therefore only provide a parameter with an error bar of at least 0.3 dex. 
Carbon and oxygen abundance
The carbon and oxygen abundances are important parameters since these elements are supposed to drive the pulsations. Bradley Dziembowski (1996) concluded from their calculations that PG 1159 stars are only unstable if the driving region is composed of carbon and oxygen only. In contrast Saio (1996) and Gautschy (1997) do not require this. It is therefore important to check whether pulsating and stable PG 1159 stars differ significantly in their carbon and oxygen abundances. Several lines of both elements are found in the HST spectra providing well defined abundances. Again, we obtained improvements over previous optical determinations due to similar reasons as in the case of T e ff. In general, the pulsators are more enriched in carbon and oxygen than the non-pulsators.
Nitrogen abundance
The HST spectra also allow the determination of the nitrogen abundance through the evaluation of the NV resonance doublet. In the existing medium resolution optical spectra nitrogen was below the detection limit except in one star (PG 1144+005, Werner & Heber 1991 . Moreover, nitrogen is not expected in a carbon and oxygen rich surrounding from nuclear evolution since it is rapidly destroyed in the 3a burning process. It was therefore surprising that four of the nine PG1159 stars showed the NV resonance doublet which could be fitted with approximately 1% nitrogen. This finding became very interesting when we noticed that there is a strict correlation between the detection of nitrogen and the pulsation. Only the pulsators among our PG 1159 sample have a detectable amount of nitrogen. The spectroscopic identification is easy for the three cooler GW Vir stars (PG 0122+200, PG 2131+066, PG 1707+427). The resonance doublet is very strong at their low effective temperatures and an interstellar contamination can contribute only marginally. Additionally we confirmed the result with high resolution optical spectra. For PG 1159-035, the situation is more complicated. At 140 000 K the resonance doublet is already quite weak and an interstellar contamination could significantly disturb the analysis. The spectral resolution is not high enough to separate the stellar and interstellar contribution, however, compared to the HST spectrum of PG 1520+525 which has very similar parameters apart from the nitrogen abundance, the NV lines of PG 1159-035 are significantly stronger. Optical spectra with 1 A resolution provide also no further constraint. The spectrum shows no sign of nitrogen at 4604/4620 A, in contrast to the model at 140 000 K with 1% nitrogen which shows these lines in emission. However, a slight decrease of the effective temperature within the error limits turns the emission down to an undetectable extent. Further decreasing of Teff results in an absorption line. Due to this critical dependency of the optical nitrogen lines on Teg only higher resolved optical spectra could provide a better constraint.
The alternative is the FUV where other strong NV lines exist. The available HUT spectrum indicates the presence of these lines, the low resolution, however, allows no firm identification. This line will be resolved with the FUSE satellite where PG 1159-035 will be a PI target. For the moment we have to rely on another (weak) argument. Liebert et al. (1989) evaluated a high resolution IUE spectrum and found the radial velocity of the N V resonance doublet to be consistent with other stellar lines and being separated from the interstellar lines. However, the velocity difference of stellar and interstellar lines is only marginally above the spectral resolution of IUE.
2.4-Hydrogen abundance
For the pulsation theory of the GW Vir stars the hydrogen abundance is also important. Stanghellini et al. (1991) and Bradley & Dziembowski (1996) require a hydrogen free driving zone to destabilize the envelope. Saio (1996) and Gautschy (1997) , however, find pulsations also with the presence of hydrogen. But the hydrogen abundance is extremely difficult to determine in PG 1159 stars. Due to the high effective temperature all hydrogen lines are weak and all of them are blended with a much stronger Hell line. The only possibility is very high resolution spectroscopy of the Ha/He II line. Due to the very high requirements only four PG 1159 stars have been observed. Werner (1996) and Dreizler et al. (in preparation) found no trace of hydrogen from the ESO or Keck spectra. The limit is however still uncomfortably high (5%). On the other hand we know four exceptional PG 1159 stars which clearly show hydrogen (Section 3).
Mass loss
Our FOS and GHRS spectra of PG1159 stars show no sign of mass loss. This is however not surprising since no wind sensitive line is covered. There are however other spectra (IUE, HST, HUT, ORFEUS) revealing the presence of mass loss in the luminous PG1159 stars. Koesterke, Dreizler & Rauch (1998) analyzed four UV spectra showing that the mass loss rate in the luminous PG1159 stars is not significantly different (0.4-1.0 dex) from the Wolf-Rayet central stars of planetary nebulae (type [WC] ). This is interesting since the luminous PG 1159 stars are "variable variables" like the pulsating [WC] stars which change their mode pattern on time scales of months to years. It is quite natural to connect this behavior with the mass loss which itself shows signs of non-stationarity. It is also important for our knowledge of the sub-photospheric abundances. The high mass loss rate very likely prevents any diffusion process which would be required to obtain a helium (and hydrogen) free driving zone closely below the atmosphere.
HS 2324+3944
As already mentioned there are four PG1159 stars which have a typical PG 1159 spectrum but have a hydrogen abundance of H/He=2 (by number). This is far above the detection limit even in medium resolution optical spectra. Dreizler et al. (1995 Dreizler et al. ( , 1996 analyzed three of these hybrid PG1159 stars (HS 2324+3944, A 43, NGC 7094). We found that the first of these stars is lying in the GW Vir instability strip which initiated a search for pulsations. Silvotti (1996) and Handler et al. (1997) indeed found variability which could be interpreted as pulsation. We therefore organized a multi site campaign to verify this hypothesis. Results are presented by Handler et al. (these proceedings) . The secure detection of several frequencies now definitely proves that HS 2324+3944 is a g-mode pulsator. In this context it is worthwhile to note again that HS 2324+3944 is a confirmed pulsator (Handler et al., these proceedings) and A43 and NGC 7094 are at least possible pulsators (Ciardullo Sz Bond 1996) .
From the theoretical point this is very interesting since the high hydrogen abundance should stabilize this star according to Bradley & Dziembowski (1996) and Stanghellini et al. (1991) . It is unlikely that the composition changes drastically from the atmosphere to the driving region since HS 2324+3944 also shows signs of mass loss like other luminous PG 1159 stars. Any theory about the driving of the GW Vir pulsations must be able to explain this. Gautschy (1997) indeed finds instabilities in his hydrogen rich models for HS 2324+3944, however, these models still suffer from the initial conditions of his stellar models in the parameter range of HS 2324+3944. The luminosity is too low in his models to match a post-AGB evolution. It is not clear to what extent this influences his results.
In Cycle 6 we obtained the GHRS HST spectra of three of the hybrid PG1159 stars. These spectra are currently analyzed in a similar way as the HST spectra of the normal (= hydrogen free) PG 1159 stars (Fig. 1) . One motivation is to determine the oxygen abundance which was not possible from optical spectra as in the case of the "cool" PG 1159 stars. Preliminary results show that the C/He ratio as well as the O/He ratio is in the range of the normal PG 1159 stars (C/He=0.4, 0/He=0.04). The nitrogen abundance as determined from the N V resonance line gives a N/He abundance of approximately 0.01, which would be typical for the GWVir stars. This result is however not confirmed from optical spectra. The N V resonance line must therefore be mainly of interstellar origin in these stars. An upper limit derived from high resolution optical spectra is N/He<5E-4. It seems that HS 2324+3944 does not require nitrogen to drive the pulsations comparable to normal luminous GW Vir stars.
The previously determined effective temperature and gravity (Dreizler et al. 1995 (Dreizler et al. , 1996 are confirmed by the analysis of the HST spectra. A 43 and NGC7094 show a P Cygni profile in the 0 V 1371A line. The mass loss rate of the latter one is already determined by Koesterke et al. (1998) from the C IV 1550 A line. No signature of mass loss can be found in the HST spectrum of HS 2324+3944. However, a comparison of the high resolution Keck spectra of HS 2324+3944 and NGC 7094 reveal that HS 2324+3944 has also a weak stellar wind (Dreizler et al., in preparation) .
CONCLUSIONS
Our spectroscopic investigation allows several conclusions which we want to summarize here. The new determined effective temperatures and gravities confine the compact GW Vir stars to a very narrow mass range slightly below 0.6 M©. This is in agreement with asteroseismologic results which show very similar period spacings among these stars. It is also reproduced by the models of Gautschy (1997, see Fig. 2 ). The cool end of the GWVir strip is caused by the transition from the PG 1159 stars towards the DO white dwarfs which result in a gravitational settling of all elements heavier than helium out of the upper layers. This is supported by the fact that the cool end of the PG1159 stars coincides with the cool end of the GWVir stars. Our derived abundances show a slight correlation between the carbon and oxygen abundance and the existence of pulsations as expected from theory. Very surprising is the correlation between the nitrogen abundance and pulsations. At the moment this correlation seems to be strictly valid among the compact PG 1159 stars. This is not the case for the luminous PG 1159 stars (e.g. RX J 2117+3412, Werner et al. 1996b ).
All luminous PG 1159 stars studied either with high resolution optical spectra or appropriate UV/FUV spectra show clear signs of mass loss which distinguishes them from the compact PG 1159 stars. The same separation can also be seen in their pulsational behavior (see Kawaler, these proceedings). The existence of mass loss makes it difficult to establish steep abundance gradients from the atmosphere towards the driving region. Pulsations should be possible with the observed atmospheric abundances. The extreme case is HS 2324+3944 with its high hydrogen abundance and evidence of mass loss.
